The past decade has witnessed tremendous achievements of ultrafast fiber laser technologies due to rapid developments of saturable absorbers (SAs) based on, in particular, nanomaterials such as 0D quantum dot, 1D carbon nanotubes, 2D layered materials, and 3D nanostructures. However, most of those nanomaterials-based SAs are inevitably absence of the high damage threshold and all-fiber integration, therefore challenging their applications on highly integrated and high-energy pulse generations. Recently, the real all-fiber SAs based on the nonlinear multimodal interference (NLMMI) technique using multimode fibers are demonstrated to overcome the above limitations. In this review, a detailed summary of the recent advances in NLMMI-based all-fiber SAs is provided, including the fundamental theory, implementation scenarios, and ultrafast fiber lasers of the all-fiber SAs, covering wide wavelength range of 1, 1.55, and 2 μm. In addition to the state-of-the-art overview, optical rogue waves in the all-fiber SA-based ultrafast fiber laser are extensively analyzed, which reveals the laser physics behind the dynamics from low-energy to high-energy pulses and directs the design of high-energy ultrafast fiber lasers. The conclusions and perspectives of the all-fiber SAs are also discussed at the end.
Introduction
Ultrafast lasers with ultrashort pulse duration and broad spectral tuning capability have been the focus of attention across many physical settings, such as plasmas, condensed matter, nonlinear optics and telecommunication systems [1] - [5] . Mode-locked fiber lasers are powerful sources for generating ultrafast pulses. As a solitary wave solution of localized nonlinear wave, temporal solitons generated in mode-locked fiber lasers have widespread applications in biology, telecommunication, spectroscopy and scientific research [6] - [10] . The lossy elements in mode-locked fiber laser, saturable absorbers (SAs) occupy a critical position in self-starting and maintaining stable mode-locking by mode beating effect [11] , [12] . The self-amplitude modulation of light in the lasers, resulting from SAs, can discriminate against the low-intensity parts of pulse and bring minimal influence to bear on high-intensity ones, as shown in Fig. 1 [9] , [13] .
The original SA for generating ultrafast pulses is real material, displaying intrinsic nonlinear decrease of absorption with increasing incident light intensity [1] , [13] . A dominate technique for achieving passively mode-locking operation is semiconductor saturable absorber mirrors (SESAMs), which are based on resonant nonlinearities involving carrier transitions in semiconductor materials. The saturable absorption of SESAMS results from bandfilling process termed as Pauli blocking or phase space filling [14] - [16] . The transfer function of SESAMs can be approximated as [9] , [12] 
where α, α ns , I and I sat denote modulation depth, unsaturable absorption, transient intensity and saturable intensity of pulse, respectively. Because of mature semiconductor technique, response time of nonlinearity in SESAMs can be flexibly tuned from femtoseconds to nanoseconds [17] , [18] . The carriers' dynamic processes of intraband thermalization and interband recombination in SESAMs present two instinct time scales, governing the progression of mode-locking. In modelocked fiber lasers, SESAMs are incorporated into cavities by mounted on a single mode fiber with connector and solitons have been achieved [19] - [21] . However, SESAMs' operating bandwidth is limited by bottom distributed Bragg reflectors, and their fabrication faces severe challenge in the range of 1.3-1.5 μm [15] , [22] . Carbon nanotubes (CNTs) discovered in the year of 1993 provides a promising solution for achieving flexible and wideband mode-locked fiber lasers [23] . CNTs are direct-bandgap 1D nanomaterials, whose nonlinear absorption root in resonant effect and rely on the distribution of their tube diameters [15] , [24] - [26] . Since successfully applied to mode-locked fiber laser by Set's group in 2003 [27] , CNTs have been at the center of scientific research on mode-locking, for the advantages of large optical nonlinearity, broad operation bandwidth and ultrafast recovery time [28] - [30] . Next year, monolayer graphene is isolated from graphitic by Novoselov and Geim [31] . Until 2009, the atomic-layer graphene exhibiting saturable absorption was demonstrated in mode-locked fiber lasers [32] . The remarkable progress of graphene in mode-locking displays a spillover effect, arousing great research interest in low-dimensional nanomaterials [33] - [44] , as shown in Table 1 . Studies have shown that 0D quantum dot displays outstanding nonlinear saturable absorption properties, for example PbS quantum dot with modulation depth up to 44.5% [35] . Zhang et al. reported that 2D layered-material such as black phosphorus and TiS 2 , a typical transition metal dichalcogenides could be acted as wide-range adjustable SAs for mode-locking [36] , [38] . Mao et al. demonstrated that 3D Fe 2 O 3 nanoparticles exhibit broadband saturable absorption, which have been applied for near-infrared fiber lasers and cylindrical vector lasers [40] . However, the low damage threshold of most nanomaterials-based SAs confines the applications of high-energy pulses generations.
Fiber laser possesses fascinate features of compactness, and high reliability resulting from the all-fiber construct, which will be broken by insertion of materials-based SA. Nonlinear amplify- ing loop mirrors (NALMs) and nonlinear polarization rotation (NPR) technique, whose saturable absorption is based on nonlinear effect or nonlinear switching technique, provide feasible solutions to avoid this problem. Unfortunately, the intensity-dependent transmissions of NPR-and NALMs-based modulators increase with a non-monotonous behavior and should operate close to stability threshold, which will lead to pulse destabilization and multi-pulsing. Additionally, a precise control of power splitting and expense of efficiency and output power are required to the acquisition of self-starting and saturation effect of NALMs [4] , [28] , [45] - [50] . As a member of nonlinear switching technique, nonlinear multimodal interference (NLMMI) effect based on multimode fiber shows the similar intensity-dependent transmission, and has been demonstrated to be a SA [51] - [53] . The NLMMI-based all-fiber SAs consist of multimode fiber and single mode fiber (SMF), which possess intriguing properties as diverse as easy to integrate, low-cost, versatility, high damage threshold and an instantaneous response time. Since predicted theoretically by Nazemosadat and Mafi in 2013, the all-fiber SAs have attracted enormous interest of researchers for acquiring ultrafast pulse in fiber lasers [54] - [58] . Given that the controllable spatiotemporal nonlinear effects and relative small nonlinear coefficient in multimode fiber, the all-fiber SAs could operate at a much higher power level than NPR and most material based SA, which provides a potential solution for highly-integrated and high-energy pulse generations [51] , [58] - [60] . Moreover, numerous novel nonlinear phenomena will give a new insight into ultrafast fiber lasers and mirror laser physics, attributing to the complex nonlinearity and dispersion in a piece of multimode fiber.
In this Review, the popular techniques for ultrafast pulse generation in fiber lasers and emerging researches of the all-fiber SAs for mode-locking are summarized. In Section 2, the fundamental theories of NLMMI-based SAs with saturable absorption, spectral filtering effect and implementation scenarios for mode-locking are presented. In Section 3, the recent advances of all-fiber SAs in ultrafast fiber lasers including erbium-, ytterbium-, and thulium-doped fiber lasers are provided. In Section 4, optical rogue wave for generating high-energy pulses in all-fiber SA-based fiber lasers are detailed analyzed. In the last section, the emerging trends, opportunities and challenges for all-fiber SAs applied in ultrafast fiber lasers are discussed.
Basic Characteristics and Implementation of All-Fiber SAs
In this section, the fundamental theories containing saturable absorption and spectral filtering, and implementation scenarios of NLMMI-based all-fiber SAs are presented. The typical multimode fibers having been used in the SAs include graded-index multimode fiber (GIMF) and step-index multimode fiber (SIMF). Here, GIMF is chosen as an example to discuss in this section. A schematic structure of all-fiber SAs is shown in Fig. 2 [58] .
NLMMI Effect and Saturable Absorption
When light is launched into GIMF, fundamental mode in SMF1, E 0 (ρ, φ, 0) excites the p-order guided mode of GIMF F p (ρ, φ, 0) with slow varying amplitude envelop A p [54] ,
The mode fields evolve into E(ρ, φ, z) after propagating z distance along GIMF,
where β 1 , β p denote the 1-and p-order propagation constant, respectively, which are frequencydependent and can be expanded using Taylor series at fundamental frequency ω 0 of modes. In linear case, because of their diverse group velocities, the modes excited in GIMF separate and oscillate in a periodic interference pattern with a period of Z = πR / √ 2 owing to MMI effect, where R and denote the radius and index difference between the center and the cladding of GIMF, respectively. In the weak coupling regime and nonlinear case, evolution of A p can be expressed by Manakov equation [60] - [62] :
Here δβ
p , and β (2) p denote propagation constant mismatch, modal dispersion and chromatic dispersion, respectively. f pppp and f ppii are nonlinear coupling coefficients. Equation (4) includes intramodal nonlinear effect (first term in the right of equation) and intermodal nonlinearity among modes. If only nonlinear terms are considered, and the power of pulses is assumed as P p = 8|A p | 2 /9 + 4 i =p f pp i i |A i | 2 /3f pppp , the equation can be expressed just as [57] Therefore, the field envelop after propagation z distance is easy to find,
which indicates that nonlinear effects will lead to the accumulation of an additional phase shift along multimode fiber. In nonlinear limit, the oscillate period L NL−MMI can be written as
For the sake of insight into saturable absorption of the all-fiber structure, behaviors of transmission and relative change of transmission ( T/T) are discussed using the metrics in [58] , as shown in Fig. 3 . Fig. 3 displays that nonlinear modulation feature depends on intensity and multimode fiber length: 1) the rapid and damped oscillation of transmission proves (7) , observing the diminution of L NL−MMI with enhanced intensity. 2) Considering that the nonlinear phase is accumulated, demand of intensity for generating first peak in oscillation reduces with increase of L GIMF , where L GIMF is length of GIMF. 3) The relative transmission can be tuned by fine-tuning the length of GIMF, such as stretching or bending GIMF.
In order to achieve SA effect, a condition for achieving mode-locking is L GIMF located at (m + 0.5) Z or m L NL−MMI , where m is an integer. In this condition, the transmission reaches a maximum for high power or minimum for low power, and SAs exhibit obvious intensity-dependent characterize.
Spectral Filtering Effect
NLMMI effect in multimode fiber displays a simple tunable mechanism of filtering. Based on (3), total coupling efficiency η can be written as η = g−1 k=0
where the modified expansion coefficients c k , c j can be seen in [63] . It shows that η will reach a maximum value when the exponential term satisfies exp(i2π * q), confirming the function of filter. The power coupling efficiency or transmission from GIMF to SMF2 reaches a maximum value with the length of GIMF equal to the self-imaging distance L NL−MMI , which is highly wavelength dependent. As the wavelengthmismatching in (7) increases, transmission decreases and the all-fiber structure in Fig. 2 exhibits a function of filter. The center wavelength of the filter is given as where q is the self-imaging number, n GIMF denotes refractive index. Thus, fine-tuning of L GIMF mirrors the tunable mechanism of filter. The simulated spectrum for a NLMMI-based filter can be seen in Fig. 4 [63] , [64] . The behaviors of oscillations and gradual increase in minimum of transmission are contributed to wavelength dependence of and mode field radium, which can be expressed by y = y 0 + δ(λ − λ 0 ). λ 0 is the center wavelength, and the factor of wavelengthdependence δ is fixed by fitting with experimental data. Fig. 4 indicates that the filter bandwidth can be optimized by varying core radius of GIMF. The bandwidth increases as the core radius of GIMF decreases. As describe in (3), the center wavelength of filter dependent on L GIMF and a decrease of L GIMF is needed to maintain the same filter center wavelength.
All-Fiber SAs Implementation
Because of oscillate period Z in GIMF being 100 μm scale, the demand for accuracy controlling L GIMF is rigorous. In ultrafast fiber lasers, the all-fiber SAs have been implemented using three methods at present. One is to select a multimode fiber with larger oscillator period Z by virtue of the relationship between the oscillator period and core radium, such as SIMF, which possesses oscillator period Z of 10 mm scale and the lengths of SIMF are conveniently controlled with a fiber cleaver, as shown in Fig. 5 (a) [57] . Another one is to fine-tuning L GIMF by stretching the GIMF, as shown in Fig. 5(b) [65] . All-fiber SAs are fixed by fiber alignment state and tuned through precision translation stage to match the condition for mode-locking. The third one is to excite more highorder modes in multimode fiber through special design. Given the existence of high-order modes, the mode field distribution can be changed by introducing bends in device, leading to the ratio of fundamental mode coupling into following fiber varied. In the nonlinear limit, the intensity-dependent nonlinear effects affect oscillator period owing in GIMF. Therefore, introducing of bends varies the intensity-dependent transmission. Fig. 5 (c) shows one designed SA implementation by inserting a piece of SIMF with the length of 328 μm, and bends are used to obtain efficient phase matching. Because of larger radius of SIMF, more higher-order modes will be excited when single-mode light is coupled into SIMF, and relative phase variations of the modes resulting from bending perturbation change the mode field distribution, which affects the coupling efficiency from GIMF to SMF and nonlinear strength. In other words, the intensity-dependent transmission could be achieved without accuracy controlling of L GIMF [55] , [56] , [66] .
The technique for charactering nonlinear transmission of all-fiber SAs is to alter pulse strength experiencing specimen by variable optical attenuator, as shown in Fig. 6 . A 1570 nm pulsed fiber 
All-Fiber SAs For Ultrafast Fiber Lasers
The above nonlinear transmission features of all-fiber SAs motivate researchers to investigate their applications in ultrafast photonics, and the devices had been applied for ultrafast fiber lasers in wide wavelength regions covering 1, 1.55, and 2 μm.
Er-Doped Fiber Lasers
In 2015, the novel modulation mechanism based on the all-fiber SAs was firstly successfully used in ring fiber laser, and Q-switched pulses with maximum pulse energy of 0.78 μJ were obtained. Fig. 7 (b) showed the repetition rate and pulse duration of the Q-switched fiber laser as a function of pump [54] . The results demonstrated that NLMMI-based structure using multimode fiber provided a new nonlinear effect to induce modulation mechanism in ultrafast fiber lasers. However, because of the short interference period, many samples were fabricated to select suitable one to achieve stable operation. Until 2017, SMF-SIMF-GIMF-SMF structure with 3.16% modulation depth was demonstrated, which excites more high-order modes to eliminate the limitation of L GIMF [55] , and soliton fiber laser centered at 1590 nm was achieved, as shown in Fig. 7(c) and (d) . The modelocked fiber laser possessed pulse duration of 446 fs and maximum pulse energy of 47 pJ. As the authors demonstrated, the output performance is affected by the length of SIMF and GIMF in [55] . The lengthening of SIMF leads to the single pulse energy decreased. And L GIMF below a critical value will greatly hinder the promotion of output [55] , [68] .
After the soliton reported in [55] much attention has been paid to the all-fiber SA-based ultrafast fiber lasers. By introducing a microcavity with length of 45 μm, SMF-GIMF-SMF structure without stretching behaved saturable absorption with 1.9% modulation depth, as shown in Fig. 8(a) [69] . This structure eliminated effectively the demand of precisely process of L GIMF and had a high stability for mode-locking operation at fundamental frequency. By increasing the pump power, harmonic mode-locking with a well-organized pulse train could also be achieved. Fig. 8(b) displayed the harmonic mode-locking operation with maximum order of 6th achieved in this structure. Using SMF-SIMF-SMF structure, another special multi-pulse fiber laser has been achieved, as shown in Fig. 8(c) and (d) [68] . With suitable tuning of interaction potential through polarization controller, a set of two-soliton bound molecules possessing multiple discrete equilibrium distances were observed. Subsequently, studies demonstrated that dispersion governing fiber lasers using NLMMIbased SAs could also be acquired. The relationship between pulses and net cavity dispersion has been investigated using SMF-SIMF-SMF structure, and maximum pulse energy of 0.81 nJ was achieved in this mode-locked fiber laser [57] . However, because of the modifiable total cavity dispersion by dispersion engineering capabilities of higher-order modes and fluctuations in the process of transferring power between modes, the formation of dissipative soliton operating in normal dispersion region is hindered. When fiber lasers were constructed in the near zero region of cavity chromatic dispersion, two different mode-locking operations could be flexible switched by governing modal dispersion, and pulses with energy as high as 4 nJ have been generated in our previous work, as shown in Fig. 9 (c) and (d) [58] . Of course, by varying the stretching length of GIMF, mode-locked fiber lasers behaving of wavelength-switchable operations could also been obtained [65] .
Recently, dark pulse fiber lasers have been achieved using all-fiber SAs in our experiments, as shown in Fig. 10 . The all-fiber SA was implemented using a SMF-GIMF-SMF structure with bends. When the pump power reached threshold and polarization controller state was suitable, dark pulses were achieved. Fig. 10(b) plotted the typical pulse sequences with 110 mW pump power. Pulse interval of 202 ns in Fig. 10(b) matches well with the cavity roundtrip time. The duration of pulse was about 10 ns. The 3 dB bandwidth of spectrum was 0.3 nm, as shown in Fig. 10(c) . Clearly, the spectrum with two asymmetry peaks was observed, attributing to the spectral filtering effect within gain bandwidth which results from the SMF-GIMF-SMF structure [70] , [71] , as shown in Fig. 4 . 
Yb-Doped Fiber Lasers
The first ytterbium-doped mode-locked fiber laser with an all-fiber based SA was demonstrated by Tegin and Ortaç [72] . The length of GIMF was selected as 14 cm to obtain 15 nm bandwidth of spectral filtering. The oscillator launched dissipative soliton at 1030 nm, possessing 0.13 nJ energy and 276 fs pulse duration, which was dechirped via an external grating compressor, as shown in Fig. 11 . The presented fiber laser had high stability and could find applications in optical metrology and supercontinuum generation. Later, noise-like pulses in ring fiber laser based on SIMF-GIMF structure were presented, which had high average power of 279 mW at 41 MHz repetition rate [73] . As shown in Fig. 12(a) , the pulse had 150 ps duration with fs-scale spike located on the top. Fig. 12(b) showed that this operation performance could be effectively controlled by optimizing the length of GIMF, such as pulse width and mode-locking threshold. Besides the SIMF-GIMF structure, embedding microcavity or offset splicing two kinds GIMF technologies could also excite high-order modes and has been used to achieve mode-locking operations [74] , [75] . In the 1 μm region, the all-fiber SAs have been used not only for mode-locking but Q-switching operations [76] .
Tm-Doped Fiber Lasers
By selecting suitable length of multimode fiber, a spectral overlap between transmission peak of multimode fiber-based structure and gain peak of Tm-doped fiber could be obtained. In the year of 2018, a Tm-doped mode-locked fiber laser based on NLMMI effect was demonstrated by Li [67] . The setup of Tm-doped fiber laser with 19.82 MHz repetition frequency could be seen in Fig. 13(a) . The output spectrum has a 3 dB bandwidth of 3.6 nm, as shown in Fig. 13(b) . The generated soliton centered at 1888 nm had 1.4 ps pulse duration and maximum average output power of 9 mW. As mentioned above, a multimode fiber based device could behave as a NLMMIbased filter to tune laser. And, considering the relationship between length of multimode fiber and strain L = L ε + αL T , where ε and α denoted strain, temperature coefficient, respectively, a simple multiwavelength fiber laser could be achieved by strain. Inserting a rotary fiber squeezer in center portion of multimode fiber to provide tensile stress, a Tm-doped fiber laser with tunable multiwavelength ranging from 1892 to 1916 nm was proposed [77] . The 3 dB linewidth of tunable multiwavelength fiber laser was less than 0.04 nm and side mode suppression rations was about 54 dB.
Rogue Wave for Generating High-Energy Pulses
It evidences that principal modes (PMs), analogous to the two orthogonal modes in single-mode fiber, will be excited in multimode fiber by adjusting the polarization states. The group delay induced by PMs and mode coupling in multimode fiber can be modified through PC [78] , [79] . Therefore, mode-locking operation regimes in fiber lasers are controllable due to group delay induced by PMs in multimode fiber. As demonstrated in our previous work, mode-locking operation's transition occurs in the all-fiber SA-based fiber laser [58] . A remarkable phenomenon is that a "gap" exists between the two mode-locking operations, which plays a vital in generating high-energy pulse, as the region B shown in Fig. 9(d) . When the operation lies in B region, unstable multipulse generates. However, a fancy nonlinear phenomenon, optical rogue wave could be generated with suitable polarization states in B region.
In order to capture and gain insight into optical rogue wave, here, a powerful method for continuous single-shot measurement, dispersive Fourier transformation (DFT) technique has been applied. Using DFT, an analog in time domain of far-field diffraction of a spatial pattern, occurs when optical waveform experiences enough dispersion and reproduction of optical spectrum in the temporal waveform is observed [80] - [83] . DFT provides an effective method for capturing fast non-repetitive and rapid varying events and has been applied to spectroscopy, laser scanning and imaging.
As shown in Fig. 14, three features of optical rogue wave are observed [58] , [84] - [86] : First, the maximum intensity of rogue pulse exceeds significant wave height (SWH) calculated as 0.9 by a factor of 2.5. Second, the dynamics process shows that appearance and annihilation of the events are spontaneous, meaning the limited lifetime of events. Third, the statistical distribution is L-shaped with long tails. The rogue wave observed in region B mirrors the laser physics of generating a high-energy pulse from a relative low-energy pulse, which is one of ultimate methods to govern the generation of high-energy pulse in modern optics. In general, optical rogue wave in fiber lasers arises from energy transfer and the peak power of rogue wave can be controlled by varying laser gain.
However, adjusting polarization controller states only, the generation of rare events can be managed flexibly in our experiments, as shown in Fig. 15 . With suitable states of polarization con- troller, the ratio of rogue wave between maximum peak power and SWH decreases, as shown in Fig. 15(a) . The ratio reduces below 2 when the polarization state is varied discontinuously, as shown in Fig. 15(b) and (c). It notices that the event in Fig. 15(b) possesses an L-shape of statistic histogram but a ratio of 1.5, which does not represent an optical rogue wave [85] , [86] .
Considering the experimental conditions, polarization mode dispersion (PMD) is attributed to the tuning of rogue wave. Here, a modified nonlinear Schrödinger equation is applied to describe these nonlinear behaviors [85] , [86] . And, the coupling between two polarization components of pulse can be expressed by coupling coefficient κ, relative phase ϕ 1 and cross phase ϕ 2 ,
The temporal dynamics and output peak power without PMD are displayed in Fig. 16 . In this case, fiber laser operates in unstable two-pulse region, where pulse power behaves an oscillation nearby the stationary value, as shown in Fig. 16(a) and (b). However, when the PMD is taken into account, asymmetric instabilities occur and pulse evolves into chaos state. When the PMD is set as 0.065 ps in simulation, pulse dynamics behave obvious change and the peak power within 2000 continuous roundtrips appears sudden rises, which can be seen in Fig. 16(c) and (d). The maximum ratio between peak power and significant wave height is 2.8. It notices that a sudden rise of pulse amplitude occurs when pulses encounter during propagation.
The statistic histograms of pulse with the same parameters but different PMD are shown in Fig. 17 . For the region of two-pulse without interaction, pulse dynamics does not enable the existence of higher field intensity than 1.6. Once variation of PMD appears, dynamics are perturbed and pulse intensities are enhanced. The plots demonstrate that the significant roles of PMD are played in the generation process of rare events.
Because of the presentation of polarization mode dispersion, the drift velocity of localized wavepacket characterizing instability dynamics is modulated and the perturbation evolves into asymmetric instability [87] - [89] . Thus, the system is sensitive to noise. The collision between two or more solitons appears in the unstable region during pulses propagation, where the amplitude of one pulse enhances from relative low ones and optical rogue wave occurs.
Conclusion and Perspective
In this Review, the fundamental theory, the fundamental theory, implementation scenarios, and ultrafast fiber lasers of the recent advances using NLMMI-based all-fiber SAs are summarized. A special attention is paid on optical rogue waves in the all-fiber SA-based ultrafast fiber lasers, which reveals the laser physics behind the dynamics for generating high-energy pulses and directs the design of high-energy ultrafast fiber lasers. 
Challenges and Potential Solutions
The NLMMI-based all-fiber SAs exhibit intriguing properties, especially in easy to integrate and high damage threshold. However, challenges presented in the technology are needed to be solved urgently.
In the multimode fiber, quasi-degenerate modes, having very close propagation constant, are sensitive to perturbation of bending, index variation and temperature [90] , [52] . The fiber lasers based on multimode fiber are absence of environmental stability. An environmentally stable cavity with Faraday rotator and fibers with extremely large mode areas would provide a promising solution to be immune to distortion induced by external environmental factors [91] , [92] . In this structure, linear phase drifts related to polarization are eliminated and the variation of nonlinear phase is immune to environmental changes [93] . Sigma-type cavity, containing linear and ring segments, could also be a possible solution. The hybrid design is constructed by polarization maintaining fiber and Faraday mirror to retain environmental stability [94] , [95] . Additionally, it will be a potential solution of modal dispersion management to modify the net modal dispersion to the demands, such as using multicore fiber to reverse modal dispersion [96] , fiber Bragg gratings or inhomogeneous nanostructures to separate propagation length of modes [97] .
And, what a complex dynamic exists among the generation of ultrafast pulses in fiber lasers based on NLMMI effects? Several ultrafast fiber lasers have been implemented based on multimode fiber, however, as demonstrated above, stable dissipative soliton fiber lasers with normal dispersion in 1.55 μm region are difficult to achieve using the all-fiber SAs. What new nonlinear phenomenon will occur during the dynamics? These issues are urgently demanded to seek an efficient controlling technique to acquire expected ultrafast pulses. Our previous work demonstrated that the dynamics of mode-locking without beating are significant different from that in single-mode fiber laser [58] . Besides, it is worthwhile to explore the new physics in multimode fiber lasers and seek potential applications, for example, vortex formation, wave turbulence, disorder during the linear and nonlinear propagation [98] , [52] .
In addition, owing to large mode mismatch between GIMF and SMF, large insertion loss of such a SA will be introduced into fiber laser. And the threshold of self-starting mode-locking is higher than that of based on standard single fiber [99] , [58] . Ultra-high numerical aperture (UHNA) fiber may be useful as bridge fiber between high NA and single-mode fibers. However, a large extra dispersion and reduced self-start capacity should be considered. As Mafi et al. demonstrated, by incorporating a section of large mode area fiber (such as Corning LMA-20), ultra-low-loss coupling could be achieved in all-fiber SAs. To implement this purpose, the length of GIMF should be set at an optimal value [64] .
Perspectives and Applications
The existence of oscillate modes and self-imaging effect reduce the effective nonlinear coefficient, and the tolerance of pulse energy in fiber laser increases. Benefiting from these advantages, SMF-MMF-SMF structure provides a promising solution for scaling up peak power and pulse energy in mode-locked fiber lasers. With large fiber core diameter, fiber laser based on NLMMI would possess the capable of generating ultrafast pulses with millijoule pulse energy. Beyond the wavelength regions mentioned above, mode-locking fiber lasers based on NLMMI operating in mid-infrared region will be more exciting. Comparing with the lasers in near-infrared, mid-infrared fiber lasers have fascinating characters of higher output power and devices for modal-dispersion management [100] , [101] . Considering existence of modes competition in multimode fiber, the mentioned fiber lasers with a high spectral quality can be obtained by nonlinear spectral compression, such as using bends, long-period fiber gratings, and introducing side-core [102] , [103] .
Recently, interactions between modes have been applied in microcavity to generate frequency combs and novel solitons [104]- [106] . Furthermore, μm-scale laser resonators were demonstrated to own the ability of control oscillating of modes, which provide a promising solution of high integration [107] , [108] . The microring lasers combine the superiorities of compact structure and multimode cavity. Therefore, it is potential and exciting that the μm-scale ultrafast lasers based on NLMMI effect are implemented in future. The on-chip multimode lasers, generating ultrafast pulses, broadband combs and supercontinuum, can pave the way for photonic integrated circuits and next-generation optoelectronic devices in communications and information processing.
In addition, owing to the polarization-related mode-locking, electrical polarization control has been the focus of attention for automatic mode-locking. Intelligent programmable fiber lasers based on NLMMI effect will be another trend in future. Enriched physics and complexity in multimode fiber provide diverse solutions to control the operation of fiber laser based on NLMMI effect. The intelligent lasers could exhibit superior performance of high stability, ultrafast response and versatility, showing potential for practical applications in engineering and scientific research.
